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Thick  epitaxial  layers  of  AlSb(Si)  and  AlSb(Be)  were  grown  by  molecular  beam  epitaxy  and 
characterized  by  variable-temperature  Hall/van  der  Pauw  measurements.  Si  is  shown  to  be 
predominantly  an  acceptor  in  AlSb,  with  an  energy  level  33  ±4  meV  above  the  top  of  the  valence 
band.  Be  is  also  an  acceptor,  with  an  energy  level  38±4  meV  above  the  top  of  the  valence  band.  Be 
is  a  robust  doping  source  for  p-AlSb  for  carrier  densities  ranging  from  1015  to  1019  cm~3. 
Background  impurity  levels  in  AlSb  can  be  assessed  by  measuring  the  transport  properties  of  lightly 
doped  AlSb(Be)  layers.  ©  2000  American  Institute  of  Physics.  [S0021-8979(00)0081 1-2] 


I.  INTRODUCTION 

AlSb  is  an  indirect-gap  semiconductor  with  a  room- 
temperature  band  gap  of  1.69  eV  and  a  lattice  constant  of 
6.136  A.  It  is  nearly  lattice  matched  to  GaSb,  InAs,  and 
related  alloys.  Heterostructures  composed  of  AlSb,  GaSb, 
and  InAs  are  of  interest  for  several  electro-optic  and  elec¬ 
tronic  device  applications.  For  example,  AlSb  can  serve  as  a 
barrier  material  to  confine  electrons  in  InAs-channel  high 
electron  mobility  transistors1  or  magnetoelectronic  hybrid 
Hall  effect  devices.2  AlSb  layers  also  can  function  as  tunnel¬ 
ing  barriers  in  resonant  tunneling  diodes3  and  as  barriers  in 
“W”  infrared  lasers  with  InAs/InGaSb/InAs  active  regions.4 
A  few  studies  of  the  optical5'6  and  structural7  properties  of 
epitaxial  AlSb  have  been  reported.  Te  has  been  investigated 
as  an  n-type  dopant  in  AlSb.8  Be  has  been  used  as  a  p-type 
dopant  in  AlSb  for  InAs-channel  high  electron  mobility 
transistors9  and  InAs/AlSb  superlattices.10  In  this  article,  we 
investigate  the  transport  properties  of  Be-  and  Si-doped 
AlSb.  We  determine  the  acceptor  energy  levels  and  demon¬ 
strate  that  Be  is  a  robust  doping  source  for  AlSb. 

II.  EXPERIMENTAL  PROCEDURE 

Samples  were  grown  by  solid-source  molecular  beam 
epitaxy  (MBE)  in  a  system  with  conventional  In,  Ga,  Al,  Sb, 
Si,  and  Be  cells  as  well  as  an  Sb  cracking  cell  and  a  valved 
As  cracker.11  Growth  temperatures  were  measured  by  trans¬ 
mission  thermometry.12  Epitaxial  layers  were  grown  on 
semi-insulating  (SI)  GaAs(001)  substrates.  Each  sample  con¬ 
sists  of  at  least  3  /rm  of  AlSb,  doped  with  Si  or  Be,  and  a  50 
A  GaSb  cap  to  prevent  oxidation  of  the  AlSb.  The  Sb:Al  flux 
ratio  was  approximately  2:1  for  all  samples  except  one  (see 
Sec.  III).  Most  samples  were  grown  near  530  °C;  two 
samples  were  grown  at  600  °C.  Unless  otherwise  noted,  the 
growth  rate  was  1.0  monolayers/s  (1.1  pm/h).  The  As  valve 
was  closed  during  AlSb  growth  to  minimize  As  incorpora¬ 
tion. 

All  samples  were  cleaved  into  5X5  mm  squares  and 
measured  by  the  conventional  Hall/van  der  Pauw  method  at 
room  temperature  and  a  field  of  2060  G.  Selected  samples 
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were  also  measured  as  a  function  of  temperature  (20-300  K) 
at  a  field  of  3000  G.  Relevant  parameters  needed  to  calculate 
surface  and  interface  band  bending  are  not  well  known  for 
AlSb.  Hence,  we  ignore  depletion  effects  in  our  calculations 
of  carrier  density  from  the  transport  measurements  and  as¬ 
sume  a  Hall  factor  of  unity.  As  a  result,  the  carrier  densities 
reported  here  could  be  in  error  by  as  much  as  a  factor  of  two. 

III.  RESULTS  AND  DISCUSSION 

In  Fig.  1,  we  plot  carrier  concentration  versus  Si  cell 
temperature  for  five  Si-doped  AlSb  films.  All  samples  were 
p-type.  Samples  A,  B,  and  C  were  grown  during  the  same 
growth  cycle  under  nominally  identical  conditions.  Room- 
temperature  mobilities  are  indicated  next  to  each  data  point. 
As  expected,  carrier  concentration  increases  and  mobility  de¬ 
creases  as  the  Si  cell  temperature  (flux)  increases.  For  com¬ 
parison,  we  include  a  dashed  line  that  represents  our  mea¬ 
surements  of  Si-doped  n-GaAs  grown  in  the  same  MBE 
system.  The  AlSb  data  points  all  lie  more  than  a  factor  of 
two  below  the  GaAs(Si)  line.  It  is  well  known  that  Si,  a 
group  IV  element,  is  an  amphoteric  dopant  in  III-V  com¬ 
pounds.  The  data  in  Fig.  1  are  consistent  with  more  self¬ 
compensation  in  AlSb  compared  to  GaAs.  For  example,  (as¬ 
suming  all  impurities  are  ionized)  if  90%  of  the  Si  atoms  are 
on  Ga  sites  and  10%  on  As  sites  in  GaAs,  and  30%  are  on  Al 
sites  with  70%  on  Sb  sites  in  AlSb,  then  the  GaAs  will  be 
n-type,  the  AlSb  will  be  p-type,  and  the  net  carrier  concen¬ 
tration,  \Na  —  /V/j| ,  will  be  a  factor  of  two  higher  for  GaAs. 

Variable-temperature  transport  data  for  sample  B  are 
shown  in  Fig.  2.  Carrier  concentration  decreases  by  over 
three  orders  of  magnitude  as  temperature  decreases  from  300 
to  30  K,  consistent  with  carrier  freeze-out.  The  solid  line  is 
calculated  assuming  an  acceptor  concentration,  NA ,  of  6.5 
X  1016/cm3  with  an  energy  level  33  ±4  meV  above  the  top  of 
the  valence  band,  and  a  background  donor  level,  ND ,  of 
1.5X  1015/cm3.  The  increase  in  carrier  density  for  T< 30  K 
indicates  impurity  band  conduction. 

Two  additional  samples  are  indicated  in  Fig.  1.  Sample 
D  was  grown  in  the  same  growth  cycle  as  A-C.  The  only 
difference  is  that  the  hot  zone  of  the  As  cracker  was  main¬ 
tained  at  875  °C  during  the  AlSb  growth  for  D,  compared  to 
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FIG.  1.  Net  carrier  concentration  as  a  function  of  Si  cell  temperature  for 
AlSb(Si)  films.  Experimental  results  for  GaAs(Si)  are  indicated  by  a  dashed 
line. 


400  °C  for  A-C.13  The  carrier  concentration  and  mobility  of 
D  are  lower  than  C,  consistent  with  incorporation  of  addi¬ 
tional  compensating  impurities  in  D.  Sample  E  was  grown 
under  the  same  nominal  conditions  as  A-C  but  in  a  later 
growth  cycle,  i.e.,  after  a  vent  of  the  MBE  and  recharging  of 
the  A1  and  Sb  cells.  The  carrier  concentration  and  mobility  in 
E  suggest  that  the  background  impurity  levels  were  higher  in 
the  later  growth  cycle. 

Four  AlSb(Si)  samples  are  not  included  in  Fig.  1  because 
they  were  too  resistive  for  valid  transport  measurements; 
sheet  resistances  were  more  than  three  orders  of  magnitude 
higher  than  sample  D.  One  of  the  samples  was  grown  with 
rsi=820°C.  The  high  resistivity  could  result  from  a  fully 
depleted  layer,  possibly  with  donor  background  impurities 
compensating  the  Si.  Two  of  the  samples,  however,  were 
grown  with  7’si=910°C;  one  of  the  two  was  grown  during 
the  same  cycle  as  A-D.  A  possible  explanation  is  that  unin¬ 
tentional  variation  in  growth  conditions  resulted  in  nearly 
equal  Si  occupancy  of  A1  and  Sb  sites  for  these  samples.  We 


FIG.  2.  Net  carrier  concentration  as  a  function  of  temperature  for  sample  B, 
4-/xm-thick  AlSb(Si)  on  SI-GaAs.  Solid  line  is  calculated  using  NA  =  6.5 
X  1016/cm3,  £4=33  meV,  and  ND=  1.5X  1015/cm3. 


tried  an  additional  test  based  upon  the  early  work  of  Chang 
et  al.H  They  achieved  p-typc  AlSb  (1015-1019/cm3)  under 
normal  growth  conditions  using  Ge  as  a  dopant.  Under  con¬ 
ditions  of  very  high  Sb  flux,  however,  Ge  was  an  n-type 
dopant.  We  grew  an  AlSb  sample  with  an  Sb:Al  flux  ratio  of 
20:1  and  a  Si  temperature  of  888  °C.  (The  growth  rate  was 
0.2  ML/s;  the  equivalent  1.0  ML/s  Si  temperature  on  Fig.  1 
is  920  °C.)  The  sample  was  resistive. 

Taken  as  a  whole,  our  AlSb(Si)  transport  results  suggest 
that  Si  is  not  a  robust  doping  source  for  p-AlSb.  The  most 
likely  reason  is  the  amphoteric  nature  of  Si,  with  site  selec¬ 
tion  a  sensitive  function  of  growth  conditions. 

Be,  a  group  II  element,  can  substitute  for  group  III  ele¬ 
ments  and  act  as  an  acceptor  in  arsenides  and  antimonides. 
We  grew  a  series  of  Be-doped  AlSb  layers;  all  were  p-type. 
In  Fig.  3,  we  plot  the  net  carrier  concentration  as  a  function 
of  Be  cell  temperature.  For  comparison,  we  include  two  data 
points  for  GaAs(Be)  grown  in  the  same  MBE  system.  The 
net  carrier  concentrations  are  similar  for  AlSb(Be)  and 
GaAs(Be),  as  expected  for  a  nonamphoteric  dopant  with  a 
unity  sticking  coefficient.  Room-temperature  mobilities  are 
indicated  next  to  each  data  point,  and  range  from  61  cm2/V  s 
for  (Na—  Nd)  =  1 X  1019/cm3  to  over  300  cm2/V  s  for 
samples  in  the  1015- 1016/cm3  range.  The  solid  curve  is  a  fit 
to  the  data  using  the  functional  form  ce  Ka/kT,  yielding  an 
activation  energy,  Ea,  of  3.21  eV  for  the  Be  cell. 

Antimony  sources  were  compared  by  growing  two  lay¬ 
ers  with  rBe=590°C.  For  one,  the  antimony  source  was  a 
conventional  cell,  yielding  Sb4.  For  the  other,  an  antimony 
cracker  was  employed.  The  cracker  zone  temperature  was 
800  °C,  probably  resulting  in  a  combination  of  Sb2  and 
Sb!.15  As  shown  in  Fig.  3,  the  layers  have  identical  carrier 
concentrations  and  room-temperature  mobilities.  We  also 
compared  growth  temperatures  of  530  and  600  °C  with  TBe 
=  570  °C.  The  mobility  and  net  carrier  concentration  were 
higher  for  the  600  °C  sample,  suggesting  less  incorporation 
of  donor  impurities. 

Variable-temperature  transport  data  for  an  AlSb(Be) 
sample  are  shown  in  Fig.  4.  Carrier  concentration  decreases 
by  nearly  six  orders  of  magnitude  as  temperature  decreases 
from  300  to  25  K,  consistent  with  carrier  freeze-out.  The 
solid  line  is  calculated  assuming  an  acceptor  concentration, 
Na,  of  1.3X1016/cm3  with  an  energy  level  38±4  meV 
above  the  top  of  the  valence  band,  and  a  background  donor 
level,  Nd  ,  of  1  X  1015/cm3.  The  carrier  density  is  relatively 
insensitive  to  temperature  for  20  K  <  T<  25  K,  indicating 
the  onset  of  impurity  band  conduction. 

Several  articles  have  explored  the  role  of  impurities  and 
native  defects  in  AlSb,  especially  relating  to  the  “doping” 
of  InAs/AlSb  quantum  wells.516  20  For  example,  Chadi  cal¬ 
culates  a  donor  level  440  meV  above  the  valence-band  maxi¬ 
mum  (VBM)  of  AlSb  for  the  Sb-on-Al  antisite  (SbA1) . 16 
Shen  et  al.  proposed  that  Alsb  could  behave  as  a  deep  accep¬ 
tor  or  deep  donor  when  there  are  empty  states  below  the  Alsb 
energy  level.17  Based  upon  a  photoluminescence  study  of 
InAs/AlSb  quantum  wells,  Fuchs  et  al.  postulate  an  acceptor 
level  80  meV  above  the  AlSb  VBM  as  well  as  a  deep  level 
420  meV  above  the  AlSb  VBM.5  Our  previous  work  on  per¬ 
sistent  photoconductivity  in  InAs/AlSb  quantum  wells  sug- 
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FIG.  3.  Net  carrier  concentration  as  a  function  of  Be  cell  temperature  for  AlSb(Be)  films.  Two  experimental  points  for  GaAs(Si)  are  included  for  comparison. 
Growth  temperature  was  near  530  °C  except  for  two  samples  at  600  °C.  The  data  point  at  TBe=570  °C  represents  two  samples,  one  using  Sb4  and  the  other 
using  Sb2/Sb],  with  identical  carrier  concentration  and  mobility.  Solid  curve  is  a  fit  to  ce-Ea/kT  with  Ea  Be= 3.21  eV.  Dotted  curves  simulate  different  levels 
of  background  donors,  ND  . 


gested  the  presence  of  >4X  1016/cm3  deep  donors  in  AlSb, 
with  an  energy  410  meV  above  the  AlSb  VBM.18  The  pres¬ 
ence  of  deep  acceptors  should  not  affect  the  doping  of  AlSb 
by  a  shallow  acceptor  such  as  Be.  If,  however,  there  are  deep 


FIG.  4.  Net  carrier  concentration  as  a  function  of  temperature  for  a  sample 
with  3-yum-thick  AlSb(Be)  on  SI-GaAs.  Solid  line  is  calculated  using  NA 
=  1.3X  1016/cm3,  Ea= 38  meV,  and  ND=  1  X  10l5/cm3. 


donors,  the  holes  from  Be  atoms  would  first  have  to  compen¬ 
sate  the  donors  before  yielding  p-type  material. 

To  put  an  upper  limit  on  the  concentration  of  deep  do¬ 
nors,  we  subtracted  constant  values  of  1014,  1015,  1016,  and 
1017  cm-3  from  the  ce  Ka/kl  fit  (solid  curve)  in  Fig.  3.  The 
results  are  shown  as  dotted  lines.  It  is  clear  that  donor  con¬ 
centrations  of  1016-1017  cm~3  are  not  consistent  with  our 
data.  The  experimental  points  can,  however,  be  fit  reasonably 
well  by  background  deep  donors  in  the  1014- 1015  cm~3 
range.  This  is  consistent  with  our  fit  to  the  variable- 
temperature  data  (Fig.  4)  with  ND  =  1  X  1015/cm3.  In  addi¬ 
tion,  the  good  agreement  between  the  GaAs(Be)  and 
AlSb(Be)  doping  levels  argues  against  a  high  deep-donor 
background  in  AlSb.  Other  groups  have  also  estimated  back¬ 
ground  donor  concentrations  in  AlSb.  Ideshita  and  Furukawa 
measured  carrier  concentrations  in  InAs/AlSb  single  quan¬ 
tum  wells  and  inferred  values  of  the  donor  concentration  in 
AlSb  of  1.5X1017  and  5X1015/cm3,  depending  upon  the 
oxygen  content  of  the  source  Sb.20  Using  similar  test  struc¬ 
tures,  Nguyen  et  al.  found  values  of  2X1015  and  1.0 
X  1016/cm3  during  different  MBE  growth  cycles.21 

The  samples  represented  in  Fig.  3  were  all  grown  in  the 
same  growth  cycle.  We  grew  several  additional  samples  with 
rBe=620°C  in  other  growth  cycles.  The  net  carrier  concen- 
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tration  varied  from  1  to  4  X  1016/cm3,  consistent  with  a  back¬ 
ground  donor  concentration  that  is  >1016/cm3  at  times.  In 
addition,  the  samples  for  this  study  were  grown  with  the  As 
cell  at  idle  temperature  (base =200  °C;  cracking  zone 
=400  °C)  and  the  As  valve  closed  during  the  entire  ~4  h 
growths.  In  contrast,  the  InAs/AlSb  quantum  wells  in  Ref.  18 
were  grown  with  the  As  cell  at  growth  temperature  (base 
=  370  °C;  cracking  zone  =  875°C),  and  the  As  valve  open 
during  the  InAs  layer.  Hence,  it  is  quite  reasonable  to  expect 
a  higher  concentration  of  As  in  the  AlSb  for  the  quantum 
well  samples.  One  possible  source  of  deep  donors  is  Asa1.  17 
We  also  note  that  the  apparent  donor  background  level  for 
AlSb(Si)  increased  by  ~1016/cm3  when  the  As  cracker  zone 
was  heated  during  growth  (samples  C  and  D  in  Fig.  1). 

IV.  SUMMARY 

In  summary,  our  results  demonstrate  that  Be  is  a  robust 
source  for  AlSb(Be)  doping  from  1015  cm~3  to  at  least 
1019  cm~3.  Unlike  some  of  the  AlSb(Si)  samples,  none  of 
the  AlSb(Be)  layers  were  “resistive.”  Transport  measure¬ 
ments  of  lightly  Be-doped  AlSb  layers  can  be  used  as  a 
means  to  estimate  background  impurities  in  AlSb  films.22 
Such  measurements  could  be  used  as  a  routine  characteriza¬ 
tion  tool  for  antimonide  MBE  or  metalorganic  chemical  va¬ 
por  deposition  systems,  similar  to  GaAs(Si)  epilayers  for  ar¬ 
senide  systems.  Other  materials  such  as  GaSb  and  InSb 
would  be  less  suitable  because  undoped  GaSb  epilayers  are 
p-type,23  with  (NA  —  ND)>  1016/cm3,  and  InSb  has  a  high 
intrinsic  carrier  concentration,  n,~2X  1016/cm3  at  300  K. 
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